IGFBP3 is a multi-functional protein that has IGF-dependent and IGF-independent actions in cultured cells. Here we show that the IGF binding domain (IBD), nuclear localization signal (NLS) and transactivation domain (TA) are conserved and functional in zebrafish Igfbp3. The in vivo roles of these domains were investigated by expression of Igfbp3 and its mutants in zebrafish embryos. Igfbp3, and its NLS and TA mutants had equally strong dorsalizing effects. Human IGFBP3 had similar dorsalizing effects in zebrafish embryos. The activities of IBD and IBD+NLS mutants were lower, but they still caused dorsalization. Thus, the IGF-independent action of Igfbp3 is not related to NLS or TA in this in vivo model. We next tested the hypothesis that Igfbp3 exerts its IGF-independent action by affecting Bmp signaling. Co-expression of Igfbp3 with Bmp2b abolished Bmp2b-induced gene expression and inhibited its ventralizing activity. Biochemical assays and in vitro experiments revealed that IGFBP3 bound BMP2 and inhibited BMP2-induced Smad signaling in cultured human cells. In vivo expression of Igfbp3 increased chordin expression in zebrafish embryos by alleviating the negative regulation of Bmp2. The elevated level of Chordin acted together with Igfbp3 to inhibit the actions of Bmp2 . Knockdown of Igfbp3 enhanced the ventralized phenotype caused by chordin knockdown. These results suggest that Igfbp3 exerts its IGFindependent actions by antagonizing Bmp signaling and that this mechanism is conserved.
Introduction
Genetic studies and clinical observations suggest that the insulinlike growth factor (IGF) signaling pathway has a fundamental role in regulating animal growth and development, as well as in maintaining adult homeostasis (Clemmons, 2007; Duan and Xu, 2005; Firth and Baxter, 2002) . Most, if not all, IGFs in extracellular fluid are present in complexes with specific, high-affinity IGF binding proteins (IGFBPs). In the bloodstream, the majority of circulating IGFs are in a ternary complex with IGFBP3 and a protein termed acid-labile subunit (ALS) Yamada and Lee, 2009 ). This ternary complex not only serves as a reservoir for IGF release, but also greatly increases the half-life of IGFs. In addition, the IGF-IGFBP complexes in the circulation and in tissues help to prevent potential cross binding of IGFs to the insulin receptor. Therefore, IGFBP3 functions as a carrier protein and regulates circulating IGF turnover, transport, and distribution.
IGFBP3 is a member of the IGFBP gene family. Similarly to other IGFBPs, IGFBP3 is comprised of three recognizable domains of similar size (~80 residues): an N-terminal domain, typically with 12 conserved cysteine residues, a C-terminal domain with six conserved cysteine residues, and a central L-domain that is thought to act as a hinge between the N-and C-domains Yamada and Lee, 2009) . The N-and C-domains are required for high-affinity ligand binding and are highly conserved across species (Duan and Xu, 2005) . In addition to its role as the major IGF carrier protein in the circulation, IGFBP3 has also been shown to inhibit and/or potentiate the actions of IGF in a wide variety of cultured human and rodent cells. Furthermore, IGFBP3 has been shown to possess distinct biological effects independently of IGF Jogie-Brahim et al., 2009; Yamada and Lee, 2009) . There is general agreement that the IGF-IGF-1R-independent actions of IGFBP3 might contribute to the pathophysiology of a number of human diseases, including cancer and diabetes, although the actual role of IGFBP3 is still unclear Jogie-Brahim et al., 2009; Yamada and Lee, 2009 ). Recent studies have implicated the interaction of IGFBP3 with a variety of proteins or signaling cascades that are crucial to cell proliferation and/or apoptosis Jogie-Brahim et al., 2009; Yamada and Lee, 2009) .
Despite these advances, many important questions remain. IGFBP3 has been shown to exhibit ligand-dependent, as well as ligand-independent, actions in cultured mammalian cells. However, its in vivo modes of action and the underlying mechanisms are poorly understood. Mammalian IGFBP3 has a functional NLS and can be found in the nucleus of cultured tumor cells Jogie-Brahim et al., 2009) , but the functional significance of this NLS in mediating the ligand-independent actions of IGFBP3 is also unclear and whether the NLS of IGFBP3 has a role in vivo is unknown. Likewise, the mammalian IGFBP3 N-domain contains a functional transactivation domain (Zhao et al., 2006) . It is not clear whether this activity is conserved or whether it has any biological significance in vivo.
Most research on the developmental role of IGFs and IGFBPs has relied on rodent models, and attempts to elucidate the molecular and cellular basis of IGFBP have been hampered by the inaccessibility of the mammalian fetus enclosed in the uterus and the greater redundancy of mammalian systems. We have shown that zebrafish Igfbp3 has an important role in the formation and differentiation of the pharyngeal skeleton and inner ear (Li et al., 2005) . The objectives of this study were to determine: (1) whether the IGF binding domain (IBD), nuclear localization signal (NLS), and transactivation domain (TA) are conserved in zebrafish Igfbp3; (2) whether Igfbp3 can use any of these domains to exert liganddependent and/or ligand-independent actions in an in vivo setting; and (3) the molecular mechanisms underlying its IGF-independent actions.
Results

The NLS, IBD and TA domains are conserved and functional in zebrafish Igfbp3
Human IGFBP3 binds IGFs primarily using its high-affinity binding site located in the N-domain, although its C-domain also has a role (Buckway et al., 2001; Hong et al., 2002; Imai et al., 2000) . According to Imai and colleagues (Imai et al., 2000) , R69, P70, L71, L74 and L75 are particularly crucial for its IGF binding. Sequence analysis indicates that these residues are all conserved in zebrafish Igfbp3 (Fig. 1A) . To ascertain that zebrafish Igfbp3 is a functional IGFBP, we constructed an expression plasmid by subcloning the zebrafish Igfbp3 ORF into the pCS2+EGFP plasmid. A human IGFBP5 pCS2+EGFP plasmid was used as a positive control. After these mutants were introduced into HEK293T cells by transient transfection, conditioned medium was prepared and analyzed. Western immunoblotting results showed the successful expression and secretion of Igfbp3-EGFP and IGFBP5-EGFP fusion proteins (Fig. 1B, left panel) . Unexpectedly, ligand blotting analysis showed that human IGFBP5-EGFP but not zebrafish Igfbp3-EGFP was capable of IGF binding (Fig. 1B, right panel) . We speculated that tagging of EGFP to the zebrafish Igfbp3 might disrupt its ligand-binding property. To test this idea, we constructed a new expression plasmid by subcloning the zebrafish Igfbp3 ORF into the pCS2+ vector. When the plasmid was introduced in HEK293T cells, a novel IGFBP of approximately 45 kDa was detected in the conditioned medium (Fig. 1B, right) , suggesting that the zebrafish Igfbp3 ORF indeed encodes a functional IGFBP. Zebrafish Igfbp3 was able to bind both IGF-1 and IGF-2 (Fig. 1C) . To determine whether the conserved IGF binding domain (IBD) in Open boxes indicate residues known to be crucial for IGF binding in human IGFBP5 and IGFBP3. # marks the five residues altered by site-directed mutagenesis in the IBD mutant. Asterisks indicate residues known to be important for the TA activity in human IGFBP5, and the four residues altered by site-directed mutagenesis in the TA dead mutant are indicated by carets. (B)Western immunoblotting (left) and ligand blotting (right) analysis of human IGFBP5-EGFP (BP5-EGFP), zebrafish Igfbp3-EGFP (BP3-EGFP) and zebrafish Igfbp3 (BP3) using anti-GFP antibody and DIG-labeled human IGF-1, respectively. Asterisks denote endogenous IGFBPs, serving as internal controls. (C)Ligand-blotting analysis of culture medium conditioned by HEK293T cells transfected with zebrafish Igfbp3 (BP3), its IBD, NLS, IBD+NLS (I+N), TA dead (TA) mutant or empty vector (Mock). Arrows denote zebrafish Igfbp3 and its mutant proteins. Asterisks denote the endogenous IGFBPs, serving as internal controls. Upper panel shows results using DIG-labeled human IGF-1 and lower panel using DIG-labeled human IGF-2. (D)Zebrafish Igfbp3 N-domain has transactivation activity. The Ndomain of zebrafish Igfbp3 (BP3N) and human IGFBP1 (BP1N) were fused to Gal4 DNA-binding domain and transfected into HEK293T cells together with a Gal4 reporter plasmid. The transactivation activity is expressed as fold increase over the pBind control group. Values are expressed as means ± s.d., n3. Groups with different letters are significantly different from each other (P<0.05). The expression levels of these fusion proteins were analyzed by western immunoblotting using an anti-GAL4 antibody and shown in the right panel. (E)The TA-dead mutant (BP3N-TA) has no transactivation activity. Values are expressed as fold increase over the pBind control group. Values are means ± s.d., n3. Groups with different letters are significantly different from each other (P<0.05). The expression levels of these mutant fusion proteins are shown in the right panel.
zebrafish Igfbp3 is responsible for its IGF binding, and to generate an IBD mutant for subsequent in vivo functional analysis, we generated a zebrafish Igfbp3 IBD mutant by changing K70, P71, L72, L75, and L76 of zebrafish Igfbp3 to N70, Q71, Q72, Q75 and Q76, respectively. As shown in Fig. 1C , this mutant did not bind to IGF-1 or IGF-2.
Previous studies suggest that mammalian IGFBP3 is not only secreted but is also present in the nucleus , and its N-domain has transactivation activity (Xu et al., 2004; Zhao et al., 2006) . To determine whether this activity is conserved, the zebrafish Igfbp3 N-domain (amino acids 1-81) was fused to the Gal4 DNA-binding domain (Gal4DBD), and the activity was measured. As shown in Fig. 1D , the zebrafish Igfbp3 N-domain caused a 12.18±2.53-fold increase in GAL4-dependent transactivation (n3, P<0.001). In comparison, the IGFBP-1 Ndomain had no significant activity. Western immunoblot analysis revealed that expression levels of these fusion proteins were similar (Fig. 1D) . We next compared the sequence of the zebrafish Igfbp3 N-domain with that of human IGFBP5 N-domain, whose transactivation domain (TA) has been extensively characterized (Xu et al., 2004; Zhao et al., 2006) . Among the eight residues in the human IGFBP5 N-domain that are known to be crucial for its transactivation ability (Zhao et al., 2006) , six (E8, D11, D12, E31, P32 and E44) are conserved in zebrafish Igfbp3 (Fig. 1A) . Importantly, these six residues are not conserved in human IGFBP-1, which has no transactivation activity (Xu et al., 2004) (also see Fig. 1D ). We generated a TA-dead mutant for subsequent functional analyses by mutating E8, D11, D12 and E44 of zebrafish Igfbp3 into the corresponding residues in human IGFBP1 (E8A, D11S, D12A, E44L). As shown in Fig. 1E , the TA-dead mutant (BP3N-TA) had essentially no transactivation activity. The expression levels of the fusion protein were similar (Fig. 1E, right) , thus excluding the possibility that the difference was due to different levels of protein expression and/or degradation. Of note, the TA mutant was capable of IGF binding, although the binding appeared to be somewhat reduced (Fig. 1C) .
Radulescu (Radulescu, 1995) recognized that several basic residues in the human IGFBP3 C-domain resembled a bipartite nuclear localization signal (NLS). Schedlich and co-workers (Schedlich et al., 1998) provided experimental evidence showing that mutation of 228-KGRKR-232 into MDGEA abolished the nuclear transport of human IGFBP3. This bipartite NLS is well conserved in zebrafish Igfbp3 ( Fig. 2A) . When cells were transfected with zebrafish Igfbp3-EGFP, the signal was seen exclusively in the nucleus, often as a number of dots or speckles within the nucleus (Fig. 2B) . In comparison, the zebrafish Igfbp1a-EGFP signal was only detected in the cytoplasm (Fig. 2B) . We next engineered a NLS mutant by changing four basic residues (236-KGRK-239) in the NLS of zebrafish Igfbp3 into the corresponding sequence of zebrafish Igfbp1a, LDGQ (Maures and Duan, 2002) (Fig. 2A) . This NLS mutant showed no nuclear localization (Fig. 2B ), but had normal IGF binding (Fig. 1C) . We also engineered and tested an IBD and NLS double mutant (IBD+NLS). As shown in Fig. 1C and Fig. 2B , the IBD+NLS double mutant had impaired IGF binding and nuclear localization. The TA mutant, however, had normal nuclear localization (Fig. 2B) .
Zebrafish Igfbp3 exerts ligand-dependent and ligandindependent effects in vivo
To determine the functional roles of its conserved IBD, TA and NLS in vivo, capped mRNAs encoding zebrafish Igfbp3 and its various mutants were introduced into zebrafish embryos by microinjection. As shown in Fig. 3A , forced expression of Igfbp3 caused shortened tail or a loss of tail and truncated body plan. Based on the severity of the phenotypes, we grouped them into three categories: weak, medium and severe (Fig. 3A) . As shown in Fig. 3B , forced expression of Igfbp3 resulted in more than 40% abnormal embryos, whereas control embryos injected with egfp 1927 IGFBP3 is a BMP antagonist mRNA alone were indistinguishable from intact embryos. In the group injected with mRNA encoding Igfbp3 with a mutated IBD (i.e. the IBD mutant), only about 20% of the embryos showed weak or medium phenotypes. The results in the IBD+NLS double mutant group were very similar to those of the IBD group (Fig.  3B) . The results of the NLS mutant and TA mutant group were similar to those of the wild-type Igfbp3 group. As mentioned above, tagging EGFP to zebrafish Igfbp3 reduced its IGF binding ability (Fig. 1B) . Taking advantage of this finding, we injected mRNA encoding Igfbp3-EGFP into zebrafish embryos as an independent way to examine the IGF-binding-independent action. As shown in Fig. 3C , more than 40% of the embryos in this group showed an abnormal phenotype, whereas all embryos in the control EGFP group were normal (Fig. 3C) .
To determine whether the observed phenotypes were due to changes in the dorsal-ventral axis, we performed in situ hybridization using a number of dorsal-ventral axis marker genes. floating head (flh) expression marks the dorsal axial mesoderm at the stages of shield and 60% epiboly (Miller-Bertoglio et al., 1997; Talbot et al., 1995) . even-skipped-1 (eve1) and ventral edema (ved) (Joly et al., 1993; Shimizu et al., 2002) are expressed in the ventral non-axial mesoderm. T-box 24 (tbx24) is expressed in the paraxial mesoderm at the stage of 80% epiboly (Nikaido et al., 2002) . Expression of zebrafish Igfbp3 or its IBD mutant markedly increased the expression domains of flh (Fig. 3Dc,d ). By contrast, the expression domains of eve1 and ved were reduced in embryos injected with mRNA encoding Igfbp3 or its IBD mutant (Fig.  3Dg ,h,k,l and kЈ,lЈ). Forced expression of Igfbp3 or its IBD mutant also squeezed or pushed the tbx24 expression domains to the lateral sides, probably as a result of expansion of the dorsal organizer (Fig. 3Do ,p,oЈ,pЈ). These findings suggest that Igfbp3 and its IBD have dorsalizing effects in zebrafish embryos.
Igfbp3 exerts its IGF-independent action by antagonizing Bmp2 signaling in vivo
The dorsalization of embryos caused by Igfbp3 resemble the phenotypes of swirl and somitabun, two zebrafish genetic mutant lines caused by the loss of bmp2b and its signaling transducer smad5, respectively (Hild et al., 1999; Kishimoto et al., 1997) . We postulated that Igfbp3 might exert its IGF-independent action by affecting BMP signaling. To test this hypothesis, co-expression experiments were performed. As reported (Kishimoto et al., 1997) , injection of bmp2b mRNA had ventralizing effects in zebrafish embryos ( Fig. 4Av1-v4 ). Co-injection of zebrafish igfbp3 mRNA with bmp2b mRNA markedly reduced the ventralizing effect of Bmp2b (Fig. 4A ,B). IBD had similar antagonizing effects (Fig.  4A,B) .
We next examined the interaction between Igfbp3 and Bmp2b in the formation of the dorsal-ventral axis. As shown in Fig. 4C , forced expression of Bmp2b markedly reduced the expression domains of flh, a dorsal marker gene, and co-expression of either zebrafish Igfbp3 or its IBD mutant abolished this Bmp2b-related reduction in expression (Fig. 4Cc, d, g, h; and Fig. 4D) . Forced expression of Bmp2b markedly increased the expression domains of eve1 mRNA ( Fig. 4Cf and Fig. 4E ). Co-expression of zebrafish Igfbp3 or its IBD mutant with Bmp2b, restored the expression of eve1 to control levels (Fig. 4Cg,h, Fig. 4E ). Similar results were obtained with ved mRNA (Fig. 4Cj-l,jЈ-lЈ; Fig. 4F ). Forced expression of Bmp2b also caused expression domains of tbx24 to converge in the middle point as a result of the reduction of the dorsal organizer size (Fig. 4Cn,nЈ; Fig. 4G ). Co-expression of Bmp2b with Igfbp3 or its IBD mutant restored the tbx24 expression domains to the wild type and EGFP control levels (Fig. 4Co,p,oЈ,pЈ;  Fig. 4G ).
To provide further evidence that Igfbp3 antagonizes Bmp2 signaling in zebrafish embryos, we examined the effect of Igfbp3 on Bmp2b-induced tp63 gene expression using whole-mount in situ hybridization and real-time quantitative RT-PCR (qRT-PCR). tp63 is a direct transcriptional target of Bmp signaling in zebrafish (Bakkers et al., 2002) . Injection of bmp2b mRNA alone resulted in a marked expansion in the tp63 mRNA expression domains (Fig.  5A,B) . Injection of mRNA encoding the Igfbp3 IBD mutant, however, caused a major reduction in tp63 mRNA expression domains. Most embryos co-injected with mRNA encoding Bmp2b and the IBD mutant had an expression pattern that was similar to the egfp mRNA control embryos (Fig. 5A,B) . The qRT-PCR results are shown in Fig. 5C . Forced expression of Bmp2b resulted in a highly significant tenfold increase in tp63 mRNA levels. Coexpression of Igfbp3 or its IBD mutant significantly inhibited the Bmp2b-induced increase in tp63 mRNA expression. Expression of Igfbp3 alone resulted in a significant decrease in tp63 mRNA levels (Fig. 5C ). These results suggest that Igfbp3 antagonizes Bmp2 signaling in vivo and that this action of Igfbp3 is largely independent of IGF binding.
IGFBP3 binds BMP2 and inhibits signaling and also upregulates chordin gene expression
Many BMP antagonists, such as Chordin, Noggin and Follistatin, inhibit BMP signaling by direct binding to BMP ligand (Iemura et al., 1998; Piccolo et al., 1996; Zimmerman et al., 1996) . We carried out western ligand blotting assays to test whether IGFBP3 can interact with BMP2 physically. As shown in Fig. 6A , DIG-labeled BMP2 bound Noggin, which is well-established to bind and antagonize BMP. Likewise, DIG-BMP2 bound IGFBP3, albeit at a higher concentration. In comparison, DIG-BMP2 did not bind to IGFBP1 and IGFBP6, two closely related proteins, but DIG-labeled IGF-1 or IGF-2 was able to bind all three IGFBPs, but not Noggin (supplementary material Fig. S1 ). In the absence of zebrafish 1929 IGFBP3 is a BMP antagonist Bmp2b protein, we tested whether IGFBP3 can bind to zebrafish Bmp4, which is structurally closely related to Bmp2. As shown in Fig. 6B , DIG-labeled zebrafish Bmp4 also bound IGFBP3 and Noggin, but not IGFBP1 and IGFBP6. These results suggest that IGFBP3 can directly bind BMP2 and BMP4. The effect of this binding on BMP2 signaling was determined by measuring BMP2-induced phosphorylation of the Smad1, Smad5 and Smad8 complex (Samd1/5/8) in cultured U2OS cells. BMP2 strongly induced Smad phosphorylation in this in vitro model (Fig. 6C) . Co-incubation with IGFBP3 inhibited BMP2-induced Smad phosphorylation in a dose-dependent manner, whereas IGFBP3 alone had little effect (Fig. 6C,D) . These results suggest that IGFBP3 can bind to and inhibit BMP2 signaling.
It is known that the expression of the chordin gene, which causes dorsalization, is under the negative regulation of Bmp2 (Zakin and De Robertis, 2010) . If Igfbp3 indeed bound to and inhibited Bmp2b signaling in vivo, overexpression of Igfbp3 should remove this negative regulation and increase chordin expression in vivo. To test this idea, we analyzed chordin mRNA expression in embryos injected with igfbp3 mRNA and mRNA encoding the IBD mutant. Many of these injected embryos had expanded the chordin mRNA expression domains (Fig. 7A,B) . Co-injection experiments with bmp2b mRNA resulted in a marked reduction in the chordin mRNA expression domain (Fig. 7C,D) . This effect of Bmp2b was alleviated by the co-injection of mRNA encoding either Igfbp3 or its IBD mutant (Fig. 7C,D) . In good agreement with the in situ hybridization results, qRT-PCR analysis also showed that forced expression of Igfbp3 significantly increased chordin mRNA levels (Fig. 7E) . By contrast, expression of Bmp2b resulted in a highly significant decrease in chordin mRNA levels. Coexpression of either Igfbp3 or its IBD mutant with Bmp2b reversed the inhibitory effect of Bmp2b on chordin expression (Fig. 7E) . These results suggest that Igfbp3 inhibits Bmp2 signaling in vivo.
Chordin regulates dorsal development, and overexpression of Chordin can dorsalize zebrafish embryos (Hammerschmidt et al., 1996; Miller-Bertoglio et al., 1997; Piccolo et al., 1996) . To test whether Igfbp3 and Chordin act additively or synergistically in inhibiting Bmp2 signaling, we co-injected chordin mRNA and igfbp3 mRNA into zebrafish embryos. Igfbp3 and Chordin had additive dorsalizing effects in zebrafish embryos (Fig. 8A) . To investigate the physiological role of Igfbp3 and its relationship with Chordin, we performed experiments to knock down Igfbp3 and Chordin individually and in combination, using validated morpholino-modified oligonucleotides (MOs). Knockdown of Igfbp3 alone caused defective pharyngeal arches, but it did not alter dorsal-ventral patterning (Fig. 8B ,C, WT-like phenotype). Injection of Chordin MO alone resulted in a modest degree of ventralization in over 90% of the embryos (Fig. 8B,C) . Embryos co-injected with chordin MO and igfbp3 MO showed a more severe ventralized phenotype, with greatly reduced head, expanded hematopoietic tissues and an enlarged tail ( Fig. 8B,C ; supplementary material Fig. S2 ). These new results indicate that Igfbp3 acts in a redundant manner with Chordin to antagonize Bmp2 action in zebrafish embryos.
The BMP-antagonist action of IGFBP3 is evolutionarily conserved
To determine whether the BMP-antagonizing action is conserved, we injected mRNA encoding human IGFBP3 and its IBD mutant into zebrafish embryos. Similarly to the use of zebrafish Igfbp3, forced expression of human IGFBP3 or its IBD mutant resulted 1931 IGFBP3 is a BMP antagonist Zebrafish embryos were injected with the indicated mRNA, raised to 24 h.p.f., and analyzed according to the phenotype categories shown in Fig. 3A . The results shown are from three independent experiments with the total embryo number shown on the top. (B,C)Igfbp3 functions redundantly to Chordin in antagonizing Bmp action. 1-to 2-cell-stage zebrafish embryos were injected with the indicated MOs, raised to 24 h.p.f., and analyzed according to the phenotype categories shown in B. The frequency of each group was shown in C, which was tabulated from three independent experiments with the total embryo number shown on the top. Scare bar: 0.25 mm.
in dorsalized zebrafish embryos in approximately 80% and 70% of the injected embryos, respectively (Fig. 9A) . To further address this issue, we examined the effect of IGFBP3 on BMP2-induced differentiation of mouse 10T1/2 cells. As reported by Katagiri and colleagues (Katagiri et al., 1990) , when human BMP2 was added to cultured 10T1/2 cells, it caused a significant eightfold increase in ALP activity (Fig. 9B) . Addition of human IGFBP3 inhibited the BMP2-induced increase in ALP activity in a concentration-dependent manner (Fig. 9B) . These findings suggest that the BMP2-antagonizing action of IGFBP3 is evolutionarily conserved.
Discussion
In this study, we show that Igfbp3 acts in both IGF-bindingdependent and -independent manners in zebrafish embryos and the IBD, NLS and TA domains are all conserved and functional in zebrafish Igfbp3. Taking advantage of the zebrafish model, we examined the in vivo roles of these domains using a transgenic approach. The results suggest that the IGF-independent action of zebrafish Igfbp3 is not related to its nuclear localization or transactivation activity. Our genetic and biochemical experiments reveal that Igfbp3 exerts its IGF-independent actions by inhibiting Bmp2 signaling, and this mechanism is evolutionarily conserved.
In a previous study, we showed that targeted knockdown of the zebrafish igfbp3 gene resulted in defects in the development of pharyngeal cartilage and the inner ear (Li et al., 2005) . These actions of Igfbp3 are probably IGF-dependent because targeted knockdown or dominant-negative inhibition of the IGF-1 receptor also resulted in defects in pharyngeal cartilage and the inner ear (Li et al., 2005; Schlueter et al., 2007) . In this study, we provide further evidence supporting the notion that zebrafish Igfbp3 has IGF-dependent actions. Our results showed that zebrafish Igfbp3 can bind to IGF ligands through its conserved IBD. When expressed in zebrafish embryos, the activities of the two mutants with impaired IGF binding ability (IBD mutant and IBD+NLS double mutant) were lower compared with that of the wild-type protein. Our in vivo experiments also demonstrated the IGF-independent action of Igfbp3 in zebrafish embryos. This is supported by the fact that the IBD mutant, which had little IGF binding activity, had significant dorsalizing activity in zebrafish embryos. Another line of evidence is that Igfbp3-EGFP, which had impaired IGF binding, had strong dorsalizing activity.
Mammalian IGFBP3 has been shown to possess distinct biological effects independently of IGF and IGF-1R Jogie-Brahim et al., 2009 ). There are several competing models regarding the molecular mechanisms underlying these IGF-independent actions of IGFBP3, including (1) interaction of IGFBP3 with its putative cell surface receptor; (2) nuclear localization and nuclear actions; (3) intracellular (but non-nuclear) action. Studies from a number of labs have shown that IGFBP3 has a functional NLS in its C-domain and is capable of nuclear translocation in cultured human tumor cells, and it can interact with retinoid-X receptor-a and other nuclear proteins in the nucleus (Liu et al., 2000; Oufattole et al., 2006) . In addition, the N-domain of mammalian IGFBP3 has been shown to possess intrinsic transactivation activity (Zhao et al., 2006) . Despite these findings, the in vivo significance of the nuclear localization and transactivation activity of IGFBP3 has not been explored. Our results show that the NLS mutant, which had impaired nuclear localization, and the transcription-dead TA mutant exhibited similar activity in dorsalizing the embryo to that seen with intact Igfbp3. These findings suggest that the dorsalizing effect of Igfbp3 is not dependent on its nuclear localization or transactivation activity in zebrafish embryos. These in vivo results in zebrafish are consistent with recent in vitro studies in human breast and prostate cancer cells, which show that the ability of IGFBP3 to inhibit cell growth and cause apoptosis does not require its nuclear localization (Butt et al., 2002) . A more recent study reported that induction of apoptosis in human prostate cancer cells by IGFBP3 does not require binding to retinoid-X receptor-a either (Zappala et al., 2008) . Taken together, these findings indicate that at least some of the ligand-independent actions of IGFBP3 are not related to its nuclear localization or transactivation activity. However, the high degree of structural and functional conservation of the NLS and TA uncovered by the current study, as well as previous reports on the functional interactions between nuclear IGFBP3 and several transcription factors suggest that these domains are functional. The nuclear actions of IGFBP3 might be dependent on the tissue, developmental stage and/or pathophysiological state. Fig. 9 . The BMP-antagonizing action of IGFBP3 is evolutionarily conserved. (A)1-to 2-cell-stage embryos were injected with mRNA encoding human IGFBP3 (BP3) or its IBD mutant (IBD). The injected embryos were raised to 24 h.p.f. and analyzed according to the phenotype categories shown in Fig. 3A . The results shown are from three independent experiments with the total embryo number shown on the top. (B)Human IGFBP3 inhibits BMP2-induced cell differentiation. 10T1/2 cells were treated with or without human IGFBP3 (BP3). 48 hours later, cells were changed into serum-containing medium supplemented with human BMP2 (1g/ml). Four days later, cells were harvested and subjected to ALP activity assay. The ALP activity was normalized by total protein levels and expressed as fold over the control. Values are means ± s.d., n6. Groups with different letters are significantly different from each other (P<0.05). (C)A proposed model on the involvement of Igfbp3 in the Bmp signaling pathway in zebrafish embryos. Igfbp3 binds to Bmp2-Bmp4 (Bmp2/4) and inhibits its binding to its receptor and thereby Smad signaling. The reduced Bmp2/4 signaling leads to an increase in chordin gene expression as a result of alleviation of the negative regulation of Bmp2/4. The increased Chordin acts together with Igfbp3 to further antagonize Bmp2/4 activity, which in turn, results in dorsalized embryos.
A novel finding made in this study is that Igfbp3 exerts its ligand-binding-independent actions by antagonizing Bmp2 signaling (Fig. 9C) . The Bmp signaling pathway has a crucial role in controlling the dorsal-ventral patterning in the zebrafish embryo (Schier and Talbot, 2005) . Bmp signaling also regulates non-axial mesoderm patterning during gastrulation (Ramel et al., 2005) and is required for tail development in zebrafish (Agathon et al., 2003) . As mentioned earlier, swirl and somitabun, two zebrafish genetic mutant lines caused by loss of function of bmp2b or smad5, exhibited the dorsalized phenotypes (Hild et al., 1999; Kishimoto et al., 1997) . Forced expression of bmp2b in zebrafish embryos resulted in ventralized phenotypes (Kishimoto et al., 1997) . In this study, we show that Igfbp3 antagonizes this action of Bmp2b. When co-expressed with Bmp2b in zebrafish embryos, Igfbp3 reduced Bmp2b-induced ventralization and abolished Bmp2b-induced tp63 gene expression. Additionally, forced expression of Igfbp3 alone resulted in the dorsalized phenotypes, probably by blocking endogenous Bmp2 signaling. Importantly, the IBD mutant had similar effects. These results strongly suggest that zebrafish Igfbp3 can antagonize Bmp2 signaling in vivo, and this action is independent of IGF binding.
Many BMP antagonists, such as Chordin, Noggin and Follistatin, inhibit BMP signaling by forming a complex with a BMP ligand (Iemura et al., 1998; Piccolo et al., 1996; Zimmerman et al., 1996) . Our biochemical data revealed that human IGFBP3 can also form a physical complex with BMP2. This interaction is specific to IGFBP3 because BMP2 did not bind to IGFBP1 or IGFBP6. Importantly, binding of IGFBP3 to BMP2 has functional significance because it inhibited BMP2-induced phosphorylation of Smad1/5/8 when tested in cultured human cells. In developing zebrafish embryos, igfbp3 mRNA was first detected in the migrating neural crest cells and subsequently concentrated in pharyngeal arches and the inner ears (Li et al., 2005) . bmp2b is widely expressed in early embryos, and becomes progressively restricted to the ventral half of the embryo by the onset of gastrulation (Kishimoto et al., 1997) and then expressed in otic vesicles (Martinez-Barbera et al., 1997) and pharyngeal endoderm (Thisse et al., 2004) . Therefore, these two genes share overlapping domains, at least at some stage during embryogenesis. Moreover, both Bmp2 and Igfbp3 are secreted proteins and they can diffuse to surrounding tissues. Therefore, it is possible that they interact with each other in vivo.
Another interesting finding is that the expression of chordin, a well-known Bmp antagonist (Piccolo et al., 1996) that regulates dorsal development in zebrafish (Hammerschmidt et al., 1996) , was upregulated in embryos injected with igfbp3 mRNA. Because Bmp2 negatively regulates chordin gene expression at the transcriptional level (Zakin and De Robertis, 2010) , the elevated chordin mRNA expression in Igfbp3-injected embryos is probably due to the binding and inhibition of Bmp2 signaling by zebrafish Igfbp3. Indeed, the results of co-injection experiments indicated that Bmp2b expression inhibited chordin gene expression in zebrafish embryos, and this action was attenuated by the coexpression of zebrafish Igfbp3. This action is independent of IGF because the IBD mutant had a similar effect. Further knockdown experiments indicate that Igfbp3 acts in a redundant manner to Chordin to antagonize Bmp2 in zebrafish embryos. Embryos injected with chordin MO and igfbp3 MO showed more severe phenotypes with a greatly reduced head, expanded hematopoietic tissues and an enlarged tail compared with those injected with Chordin MO alone. A similar redundant relationship with Chordin has been reported for another BMP antagonist, Noggin, in zebrafish (Dal-Pra et al., 2006 ). This conclusion is further supported by overexpression studies, showing that Igfbp3 and Chordin had additive effects in antagonizing Bmp2. These results have led to a mechanistic model explaining the IGF-independent action of Igfbp3 in zebrafish embryos (Fig. 9C) . According to the model, Igfbp3 binds to Bmp2 and possibly Bmp4 and inhibits its binding to its receptor and downstream Smad signaling activity. The reduced Bmp2 signaling leads to an increase in chordin gene expression as a result of the alleviation of the negative regulation of chordin gene expression by Bmp2. The increased Chordin in turn acts together with Igfbp3 to further antagonize Bmp2 activity. This results in the dorsalization of embryos.
The action of IGFBP3 in antagonizing BMP signaling appears to be evolutionarily conserved. This is supported by several lines of evidence: (1) human IGFBP3 and its IBD mutant had similar dorsalizing effects when expressed in zebrafish embryos; (2) human IGFBP3 inhibited human BMP2-induced Smad phosphorylation in cultured human U2OS cells in a dose-dependent manner; and (3) human IGFBP3 inhibited BMP2 action in 10T1/2 cell differentiation. BMPs belong to the TGF superfamily. Recent studies in a variety of mammalian cell cultures systems show that IGFBP3 can regulate cell growth and apoptosis by interacting with TGF at multiple levels (Fanayan et al., 2002; Fanayan et al., 2000; Forbes et al., 2010; Kuemmerle et al., 2004; Peters et al., 2006) . In T47D breast cancer cells, the anti-growth action of IGFBP3 requires TGF receptor I/II and the downstream Smad2/3 (Fanayan et al., 2002; Fanayan et al., 2000) . In human cytotrophoblasts, IGFBP3 was shown to affect basal proliferation via TGF receptor I/II and Smad2 (Forbes et al., 2010) . Kuemmerle and co-workers (Kuemmerle et al., 2004) showed a direct binding of IGFBP3 to TGF receptor type II and V. A recent study (Mukherjee and Rotwein, 2008) reported that IGFBP5, the most closely related member of the IGFBP family, inhibited BMPinduced cell differentiation in an IGF-dependent manner. Although our data suggest that IGFBP3 can antagonize BMP signaling by binding to BMP2, other mechanisms might also be involved in the BMP-antagonizing action of IGFBP3.
Regulation of peptide growth factor by secreted binding proteins has emerged as a common theme in cell-to-cell signaling. Among the most extensively studied examples is IGFBP3. This multifunctional protein is involved in the regulation of cell proliferation, growth, migration, differentiation and apoptosis. The results of this study reveal that IGFBP3 acts in an IGF-dependent as well as an IGF-independent manner in a vertebrate animal model. Moreover, we discovered that IGFBP3 exerts IGFindependent actions by binding to and antagonizing BMP2 signaling. The results of this study provide new insights on the structural and functional conservation of the IGF binding, nuclear localization and transactivation domains of this multifunctional IGFBP. A better understanding of the molecular basis underlying the action of IGFBP3 will not only further our knowledge of IGFBP physiology but might also lead to future strategies for treating or circumventing human diseases.
Materials and Methods
Materials
Chemicals and reagents were purchased from Fisher Scientific (Pittsburgh, PA) unless noted otherwise. IGFs were purchased from GroPep (Adelaide, Australia) and IGFBPs and BMPs from R&D systems (Minneapolis, MN). Human Noggin was purchased from Neuromics (Edina, MN). Digoxigenin and anti-digoxigenin-POD antibody were purchased from Roche (Indianapolis, IN). Anti-GFP antibody was purchased from Torrey Pines Biolabs (East Orange, NJ). The anti-phosphorylated Smad1/5/8 antibody was purchased from Cell Signaling Technology (Danvers, MA) and the total Smad1/5/8 antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). RNA polymerase and RNase-free DNase were purchased from Promega (Madison, WI). Taq DNA polymerase and endonucleases were purchased from New England BioLabs (Beverly, MA). PfuUltra TM II Fusion DNA Polymerase and STRATAClEAN TM Resin were purchased from Stratagene (LA Jolla, CA). M-MLV reverse transcriptase and oligonucleotide primers were purchased from Invitrogen Life Technologies (Carlsbad, CA).
Experimental animals
Wild-type zebrafish (Danio rerio) were maintained on a 14 hour light, 10 hour dark cycle and fed twice daily. Embryos were obtained by natural cross. Fertilized eggs were raised at 28.5°C and staged according to Kimmel and colleagues . 2-phenylthiourea [0.003% (w/v)] was added to the embryo rearing solution in some experiments to inhibit embryo pigment formation. All experiments were conducted in accordance with guidelines approved by the University Committee on the Use and Care of Animals at the University of Michigan.
Plasmid construction
The construction of the pCS2+Igfbp3 plasmid was reported (Li et al., 2005) . The zebrafish Igfbp3 mutants were generated by site-directed mutagenesis using PfuUltra TM II Fusion DNA Polymerase. For the IBD mutant, K70, P71, L72, L75 and L76 were mutated to N, Q, Q, Q and Q. The NLS mutant was generated by mutating 236-KGRK-239 into LDGQ, the corresponding sequence of zebrafish Igfbp1a. The IBD+NLS double mutant was generated using the IBD mutant DNA as the template. The TA dead mutant was generated by changing E8, D11, D12 and E44 in zebrafish Igfbp3 into the corresponding residues of human IGFBP1. For cellular localization studies, DNA encoding Igfbp3 and its mutants were subcloned to the pCS2+EGFP vector. For this, the sense primer contains a BamHI site followed by Kozak and the start of coding sequence: 5Ј-CGGGATCCGCCACCATGACAGGTCTGTGTGCGCTC-3Ј. The antisense primer contained an EcoRI site followed by the last seven amino acid coding sequence of zebrafish Igfbp3 without its stop codon: 5Ј-CGGAATTCGCTTTGTCTCCATG -TTATAGC-3Ј.
To generate Gal4DNA binding domain (DBD) and Igfbp3 fusion protein constructs, DNA fragments encoding zebrafish Igfbp3 N-domain or its TA mutant were amplified by PCR. The PCR products were cloned into the BamHI-NotI sites of the pBind vector to fuse the Igfbp3 in-frame to the C-terminus of Gal4DBD.
Zebrafish bmp2b (GenBank: NM 131360) cDNA was cloned into the pCS2+ vector using the BamHI and EcoRI sites. Human IGFBP3 and its IBD mutant were generated as previously reported (Imai et al., 2000) . tp63 (NM_152248) partial sequence used for the whole mount in situ hybridization was amplified. This sequence was subcloned into pGEM-T easy (Promega). Probe for tp63 was linearized with NdeI and synthesized with T7.
Cell culture, transfection, and one-hybrid transcription activation assay
Human embryonic kidney (HEK) 293T cells, U2 osteosarcoma (U2OS) cells, and mouse C3H/10T1/2 clone 8 cells, purchased from American Type Culture Collection (Manassas, VA), were cultured according to ACTT's recommendation. To produce Igfbp3 and its mutant proteins, 2 g pCS2+Igfbp3 and its mutant DNA were transfected into HEK293 cells, respectively. Conditioned media were prepared as reported previously (Duan et al., 1999) . For one-hybrid assay, 500 ng pBind or pBind-IGFBP DNA and 500 ng pG5-luc DNA were co-transfected into cells as reported previously (Xu et al., 2004) . 24 hours after transfection, cells were washed with PBS and lyzed in lysis buffer. Protein concentration was determined using a BCA protein assay kit (Pierce). Transcription activation was quantified using the Dual-Luciferase Reporter assay system (Promega). Firefly luciferase activity was divided by Renilla luciferase activity to normalize for transfection efficiency.
Western immunoblotting and ligand blotting and subcellular localization
Cell lysates or conditioned media from transfected cells were subjected to western blotting. IGFs, and BMPs were labeled with digoxingenin and used in ligand blotting following published methods (Shimizu et al., 2000) . Subcellular localization studies were performed following published procedure (Xu et al., 2004) .
Microinjection experiment
Capped mRNA synthesis was carried out using a commercial kit and linearized plasmid DNA as a template (mMESSAGE mMACHINE kit; Ambion). 1 nl Igfbp3 or its mutant mRNA was microinjected into 1-to 2-cell-stage zebrafish embryos (1 ng/embryo). For co-injection experiment, bmp2b mRNA (2.5 pg/embryo) was injected with or without igfbp3 mRNA or mRNA encoding Igfbp3 with mutant IBD (1 ng/embryo); chordin mRNA (20 pg/embryos) was injected with or without igfbp3 mRNA (500 pg/embryos). Embryos injected with egfp mRNA and intact embryos were used as controls. Previously validated morpholino-modified oligonucleotides (MOs) were used to knock down Igfbp3 (Li et al., 2005) and/or Chordin (Nasevicius and Ekker, 2000) . The MO were dissolved in 1ϫ Danieau Solution and injected into 1-to 2-cell-stage embryos, as reported previously (Li et al., 2005) . A standard control MO was used as the control (Gene Tools, LLC, Philomath, OR). Embryos were injected with 4 ng control MO, 2 ng control MO plus 2 ng chordin MO, 2 ng chordin MO plus 2 ng igfbp3 MO, or 2 ng control MO plus igfbp3 MO, respectively.
After microinjection, embryos were raised in embryo-rearing medium (Westerfield, 1995) and kept at 28.5°C. Live embryos were imaged.
Whole-mount in situ hybridization and qRT-PCR analysis
Whole-mount in situ hybridization was performed as reported previously (Maures and Duan, 2002) . For qRT-PCR analysis, total RNA was extracted using TRIzol Reagent according to the manufacturer's instruction (Invitrogen Life Technologies, Carlsbad, CA). After DNase treatment, RNA (1 g) was reverse-transcribed with random hexamer primers and M-MLV reverse transcriptase. qPCR was carried out in an iCycler iQ Multicolor real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA) using SYBR ® Premix Ex Taq TM (Takara Bio, Liaoning, China). Sequences of primers used for qPCR were: tp63 (forward, 5Ј-AGAGAT -GGTCAGGTTTTGGG-3Ј; reverse, 5Ј-GTGCTGTTTGCGGATGC-3Ј); chordin (forward, 5Ј-ACGCCTGCTGCCATACAAT-3Ј; reverse, 5Ј-CACTGAGGGT -CCACCGAGA-3Ј); and -actin (forward, 5Ј-AGAGTCCATCACGATACCAG-3Ј; reverse, 5Ј-AGAGTCCATCACGATACCAG-3Ј). Each sample was measured in duplicate. tp63 and chordin mRNA levels were calculated using 2 -⌬⌬Ct method (Livak and Schmittgen, 2001 ) and presented as relative (fold) values of the control group after values were normalized to levels of -actin.
In vitro BMP2 signaling activity
Human U2OS cells were seeded into 24-well plates. After 24 hours, the cells were washed and serum starved for 3 hours. 50 ng/ml human BMP2 were premixed and incubated with or without human IGFBP3 at various concentrations for 3 hours at room temperature. The premixed solution was added to the U2OS cells. 3 hours later, cells were harvested in RIPA buffer containing protease and phosphatase inhibitors (10 g/ml aprotinin, 10 g/ml leupeptin, 10 g/ml pepstatin, 1 mM PMSF, 1 mM sodium orthovanadate, 1 mM sodium fluoride) and subjected to western immunoblotting.
Alkaline phosphatase (ALP) activity assay
The effects of human IGFBP3 and BMP2 on cell differentiation were examined in C3H/10T1/2 cells following the published method (Katagiri et al., 1990) . ALP activity was measured using an Alkaline Phosphatase Assay kit (AnaSpec).
Statistical analysis
Values are presented as means ± s.d. Differences among groups were analyzed by one-way ANOVA followed by Tukey's Multiple Comparison Test or by unpaired t test using GraphPad Prism version 5.01 (San Diego, CA). Significance was accepted at P<0.05.
